The correlation energies ͑CEs͒ of the He isoelectronic sequence Z = 2 -116 with a point nuclear charge model were investigated with the four component relativistic configuration interaction method. We obtained CEs with and without the virtual pair approximation which are close to the values from Pestka et al.'s Hylleraas-type configuration interaction calculation. We also found that the uniform charge and point charge models for the nucleus differ substantially for Z Ն 100.
I. INTRODUCTION
The correlation energy ͑CE͒ is defined as the difference between the total energy ͑TE͒ calculated with electronic correlations included and that calculated by the Hartree-Fock method. The nonrelativistic CE of the He isoelectronic sequence is almost constant for atoms heavier than 6 C. [1] [2] [3] [4] In contrast, the relativistic CE of these strongly depends on the atomic number Z. Pestka et al. 5 discovered this using the relativistic Hylleraas-type configuration interaction ͑Hy-CI͒ method. Pestka et al., 6 Tatewaki et al., 7 and Watanabe et al. 8 found similar Z dependence, using multiconfiguration DiracFock, third-order Douglas-Kroll CI, and four component Dirac-Fock-Roothaan CI ͑DFR-CI͒ calculations with DFR 1s + spinor and plural numbers of the s, p, d, and f primitive Gaussian type functions ͑pGTFs͒, respectively. The Z dependence of the CE in the latter [6] [7] [8] calculation was stronger than that of Hy-CI. 5 We shall use the notations TE͑I͒ and CE͑I͒, where I in the parentheses refers to the DFR or the correlated method for calculating the TE and CE: I = DFR-CI or Hy-CI. We recently showed 9 that the over estimates of CEs for heavier atoms in the DFR-CI ͑Ref. 8͒ were due to the novirtual pair approximation ͑NVPA͒, [10] [11] [12] where excitations to the Dirac negative sea were prohibited. Pestka et al. 13, 14 performed unprojected and projected Hy-CI calculations, where the latter uses the Hy-type basis sets giving positive kinetic energies. The projected Hy-CI ͑Ref. 14͒ corresponds to the DFR-CI with NVPA, and the unprojected Hy-CI ͑Ref. 13͒ corresponds to the DFR-CI with VPA; we shall use the symbol "VPA" when the calculations are performed without NVPA. We abbreviate the TE and CE given by the projected Hy-CI and unprojected Hy-CI to TE NVPA ͑Hy-CI͒, CE NVPA ͑Hy-CI͒, TE VPA ͑Hy-CI͒, and CE VPA ͑Hy-CI͒, respectively. Using the uniform charge ͑UC͒ model for the nucleus, we have found that CE VPA ͑DFR-CI͒ ͑Ref. 9͒ is reasonably parallel to CE VPA ͑Hy-CI͒, 13 but the difference between the two increases as the nuclear charge increases; for example, the difference is 0.4 mhartrees at 40 Zr and 4.5 mhartrees at 116 Uuh. The aim of the present work is to obtain the exact TEs under the Dirac-Coulomb Hamiltonian which is widely used in the atomic and molecular electronic calculations, and the quantum electrodynamical terms are not included. The new pGTF basis set is developed for the point nuclear charge model to attain this objective. The TEs by DFR and by DFR-CI are calculated and the resulting CEs are discussed. Almost perfect agreement is found between the CE VPA ͑Hy-CI͒ and the present CE VPA ͑DFR-CI͒, and the difference between the CE NVPA ͑Hy-CI͒ and the present CE NVPA ͑DFR-CI͒ is analyzed. Since the ground state of the He-like ions are Feshbach resonance state [15] [16] [17] of the electronic states having negative kinetic energies, we discuss the validity of the present results with the stabilization method. [18] [19] [20] [21] Throughout this work we adopt the atomic units.
II. METHOD
The Dirac-Coulomb Hamiltonian is used, where we take the nucleus to be a point charge ͑PC͒. The calculation procedure is as follows.
We first determined a universal GTF basis set. An accurate basis set that gives the numerical Dirac-Fock ͑NDF͒ limit is needed, since the CE is defined as CE = TE͑DFR-CI͒ − TE͑DFR͒. ͑1͒
Next, we performed NVPA DFR-CIs with DFR 1s + spinor and s, p, d, f, and g pGTFs, using exponents with coefficients greater than 1 ϫ 10 −3 or 1 ϫ 10 −2 in the 1s + spinor. The numbers of pGTFs selected vary from one atom to another. For example, these are ͑29+ 1͒ ϫ 2, 29ϫ 6, 29 ϫ 10, 29ϫ 14, and 29ϫ 18 for s, p, d, f, and g pGTFs for pGTFs, we construct an equal number of orthogonalized spinors for the CI calculations. 
͑6͒
Likewise we have 
͑8͒
Using Eqs. ͑5͒ and ͑8͒, we now obtain TE VPA without calculating spd-, spdf-, and spdfg-CI.
III. RESULTS AND DISCUSSION

A. Basis set
The CE of the He-like ions was considered up to 116 Uuh. We first applied the previous universal-like GTFs 8, 9 for the UC model to calculate the He-like ions with the PC model. 11 ͒. The test basis set was composed of 90 functions where even-tempered exponents are assumed. The errors in TE͑DFR͒ calculated with this set from TE͑NDF͒ are less than 1.0 hartrees for all atomic ions considered. We found that a plot of CE versus the atomic number Z has anomalies, however: a sharp increase and a sharp decrease in the CE are observed at several atoms. We suspect that this is due to insufficiency in the number of the basis set. The exponent parameters in even-tempered basis sets are determined by Eq. ͑9͒. We increase the number of a basis set by changing ␤ where we fix ␣ = 0.04. We finally settle on a universal set composed of 136 s-type pGTFs, where ␤ is close to 1.5 and near to the value used in the Refs. 8 and 9 n = ␣␤ n−1 ͑␣ = 0.04, = 1.495 650, n = 1, ... ,136͒.
͑9͒
The errors in TE͑DFR͒ calculated with this set from TE͑NDF͒ are again less than 1.0 hartrees, but we found no difficulties in calculating CEs as in the case of 90 expansion terms. This sequence is also used for the p, d, f, and g spinors.
B. CE with NVPA
We performed NVPA DFR-CIs with DFR 1s + spinor and s, p, d, f, and g pGTFs, with exponents having coefficients greater than 1 ϫ 10 −3 or 1 ϫ 10 −2 in the 1s + spinor, following the discussion relating to Eqs. ͑3͒ and ͑4͒. The TE͑DFR͒ and CE NVPA ͑DFR-CI͒ given by Eq. ͑4͒ with s, p, d, f, and g spinor sets are set out in Table I , together with CE VPA ͑DFR-CI͒, which will be discussed below. Figure 1  also 24 have shown that TE NVPA s obtained by CI calculations depend on the electronic potential adopted, namely, depend on the resulting spinors and resulting CSFs; the size of the CI space for NVPA practically changes according to the electronic potential adopted. Their result also suggests that CE NVPA s depend on the functional form to construct the NVPA CI space. The disagreement between CE NVPA ͑Hy-CI͒ and CE NVPA ͑DFR-CI͒ is therefore accepted, even though the two calculations use fairly large basis sets, since the NVPA CI spaces spanned by the spinors or Hy functions with positive kinetic energies are expected to be different. Without NVPA, the disagreement between CE͑Hy-CI͒ and CE͑DFR-CI͒ should be smaller, since the spaces generated with the full basis functions with the positive and negative kinetic energies ͑the complete CI͒ are used.
C. CE without NVPA
We calculate VPA DFR-CI, where three kinds of CSFs are constructed from a pair of spinors with positive or negative kinetic energy. Upon adapting the Davidson's diagonalization method, 25, 26 we directly obtained the solution for which the main CSF is the DFR 1s + 2 . To simplify the larger calculations involved in considering spinors with negative kinetic energies, we used Eqs.
͑5͒-͑8͒. In calculating ␦CE d , the errors caused by the approximation at third line in Eq. ͑6͒ were less than 0.018 mhartrees for 116 Uuh, as discussed. We expect the error in ␦CE iϾd due to this approximation to be smaller still.
The calculated CE VPA s, the sums of the CE i VPA s have been set out in Table I and in Fig. 1 . Figure 1 shows 
where i denotes the symmetry to which the spinors Ј and Љ belong. 24 Their values, which are calculated by a similar CI method to the present one on the basis of the B-spline method with the PC model, are 3.4, 5.5, and 2.8 mhartrees for ␦CE͑s͒, ␦CE͑p͒, and ␦CE͑d͒, respectively, whereas our present calculations with the point nuclear charge model gave 3.4, 5.4, and 2.8 mhartrees. Complete agreement is observed, in contrast to our previous calculation with the UC model, giving 3.1, 5.0, and 2.6 mhartrees.
We finally show that the 1s 2 discussed corresponds to Feshbach resonance state. The stabilization method is employed to show this. In the stabilization method, the several configurations are chosen as the initial wavefunction of the quasibound state. This is then improved by adding more configurations until it is observed that one root and one trial function is no longer affected by the addition of any bound configurations with which it could mix. The root is termed stabilized and taken as the resonant wavefunction. 18 Figure 3 shows CE differences between the point nuclear charge model and the UC nucleus models of the previous calculations 8, 9 in the case of spdf-CI. The CE differences between the spdf-CI and Hy-CI 13, 14 in the point nuclear charge model are also included. Table II shows these CEs for selected ions, since the figure shows only the differences of CEs versus Z. The differences in CE NVPA s according to the two nuclear models are considerable for Z Ն 100; the changes in the CEs depend on the models of the nucleus, although the differences are small. We again see that the VPA CEs given by DFR-CI are close to those by Hy-CI.
D. CEs calculated with different nucleus models
IV. CONCLUSION
We investigated the CEs of the He isoelectronic sequence Z = 2 -116 with a PC model of the nucleus using the four component relativistic CI method. We obtained CEs with and without the virtual pair approximation which are close to the values from Pestka et al.'s Hylleraas-type CI ͑Hy-CI͒; for 116 Uuh, the CE with and without virtual pair approximations using the present CI are, respectively, Ϫ89.9 and Ϫ58.6 mhartrees, which correspond to those of Hy-CI, Ϫ93.3 ͑Ref. 14͒ and Ϫ60.7 mhartrees. 13 Relatively large CE differences between DFR-CI and Hy-CI without the virtual pair are attributed to the differences of the method to construct the CI space with positive kinetic energies. 
